The paper describes recent progress on developing a complimentary pair of fibre grating-based sensor methods for structural monitoring. Particular emphasis is placed, firstly, on interrogating arrays of pointsensors based on fibre gratings using an acousto-optic tunable filter (AOTF) and, secondly, on determining the optical path length between these point sensors using optical time domain reflectometry (OTDR). The combined system is capable of measuring both local and spatially-averaged strain. A new approach which permits the simultaneous measurement of strain and temperature, using superimposed fibre gratings, is presented. Potential applications in aerospace composites are also discussed.
Introduction
In recent years, fibre grating-based sensors have shown promise for the real-time monitoring of structural integrity. Properties such as their intrinsic sensing capability and their wavelength-encoded operation have made fibre grating sensors ideal, particularly when both single-fibre-access and quasi-distributed monitoring are required2113. For monitoring structures, such as buildings, bridges, dams and pressurised tanks, it is often desirable to have a system able to monitor both localised and averaged strain. This is useful to assess requirements for the repair and need for replacement (and hence life extension) of the structure in question. The ability to write gratings during fibre pul1ing41 has made it possible to form a multiplexed strain sensing system, with both point sensors and long gauge-length sensors, which can provide information almost as valuable as that from a distributed sensor system, without the optical complexity normally associated with the latter system.
To interrogate these point-sensors (fibre gratings) and long gauge-length sensors (the fibre section, several metres long, between the fibre gratings), we describe a combined system, where local strain seen by individual fibre grating can be monitored and tracked using an AOTF-based system, while spatiallyaveraged strain can be measured using a specially-designed high-resolution OTDR.
Thermally-induced strain in fibre grating sensors is an essential issue that must be addressed when using fibre grating sensors for practical applications. From a single measurement of the Bragg wavelength shift, it is impossible to differentiate between the effects due to changes in strain and temperature. However, we have recently shown that the sensitivity to strain and temperature is different at two well-spaced Bragg wavelengths. Based on this idea, we have demonstrated the feasibility of simultaneous measurement of strain and temperature by using superimposed fibre gratings within a single sensing section. All the above concepts will now be described in more detail.
Wavelength Interrogation System
In order to interrogate and demultiplex a number of fibre Bragg grating sensors, it is necessary that the instantaneous central wavelength of each sensor can be identified. These gratings may be in a fibre network with a variety of topologies, such as linear array, star-coupled parallel array, etc.
1 Previous Grating Interrogating Methods
Various fibre-based schemes to detect small peak wavelength shifts of the gratings have been developed. These include the edge-filter demodulation method, where a sharp edge of a filter51, or of a wavelengthdivision coupler6 , is used to convert wavelength changes to amplitude variations; interferometric-based approaches7118; the use of frequency-locked grating pairs91; and laser-sensor concepts, where the grating sensor determines the frequency'°11' 1.
However, all the above methods have limitations when it is desired to interrogate the wavelength of a large number offibre-gratings in a frequency-agile manner. We recently presented a new method of constructing an interrogating system for in-fibre Bragg grating sensors using an acousto-optic tunable filter12. This type of filter possesses the desired frequency-agile capability for random access and has a wide tuning range'31.
At constant temperature, the peak transmission wavelength of the AOTF is determined solely by the frequency of an RF drive signal, and it is therefore suitable for both dynamic and quasi-static strain sensing and for use in multiplexed sensing systems. The detection system can be used to measure the Bragg wavelengths of the gratings, in either reflective or transmissive configuration. 
AOTF Interrogation System
We use an AOTF (Crystal Technology, MID-JR AOTF) as a tunable narrow-band filter in our fibre grating interrogation system. Operation of our dedicated interrogation system ( Fig.1) is similar to that which we proposed earlier'2. Fibre gratings are illuminated with a broadband optical source ELED (Optilas, LDT-60005-002). The gratings reflect light signals, one at each of the different Bragg wavelengths, which are then coupled through the AOTF onto a suitable photodetector. Thus, the detected signal is proportional to the product of the grating reflection and the AOTF transmission, integrated over the wavelength interval corresponding to the source emission spectrum (weighted according to the latter).
The wavelength of the light transmitted by the AOTF is a function of the RF frequency at which it is driven. In order to track the instantaneous Bragg wavelength, it is feasible to employ a feedback signal to lock the mean optical wavelength of the filter to the instantaneous Bragg wavelength of the in-fibre grating.
This involves dithering the applied RF frequency about a nominal value (ie. FSK) and detecting the amplitude modulation of the received optical carrier. For symmetrical grating and filter responses, the amplitude modulation at the dither frequency is zero when the mean wavelength of the AOTF coincides with the Bragg wavelength of the grating. This condition can be achieved by adjusting the mean frequency The FSK signal is conveniently generated using a voltage controlled oscillator (VCO), driven by a PCgenerated low-frequency square wave input, plus a DC bias signal to control the VCO centre frequency. As a result of the frequency feedback loop, the mean frequency of the AOTF is locked to the condition where the amplitude modulation is zero. The mean frequency of the VCO then provides an indication corresponding to the instantaneous Bragg wavelength of the grating sensor.
For given grating and AOTF bandwidths, the optimum frequency deviation to obtain the maximum error signal for tracking control can be theoretically derived. For a single grating sensor, assuming that spectrum of the source is flat over the tuning range and a Gaussian profile for the spectra of the source and the grating, the optimum frequency deviation is given by'41: Af = B÷B (1) opt N 81n2
where BG and BF are the bandwidth (FWIIM) of the grating and the AOTF, respectively. The optimum frequency deviation, in turn, gives the maximum tracking sensitivity under the matched conditions. The optimum frequency deviation for our measurement was 360KHz.
It should be noted that the optimum frequency deviation for maximum tracking sensitivity only depends on the bandwidths ofthe grating and the AOTF. In other words, it is independent ofthe filter transmission, grating reflectivity, and intensity-related noise. This is extremely useful in the design of: (i) a multiplexed sensor system, as the power budget can be significantly degraded after passage of light through a series of gratings (ii) an embedded sensor system, whereby the reflectivity of gratings can be greatly reduced due to the thermal annealing effect during the curing process. The actual sensitivity of the measurement will, of course, be affected by these aspects, but the optimum frequency deviation for maximum tracking sensitivity will not be.
For multiplexing, the system can interrogate gratings simultaneously using a frequency-scan mode (openloop operation) or in TDM using a lock-in mode (closed-loop operation). Alternatively the AOTF could be simultaneously driven by multiple RF signals of different frequencies, each VCO having its own feedback loop set to track a particular grating, as described above. Then parallel, real-time addressing is possible.
In our work reported previously'21, we implemented most of the apparatus in Fig. 1 , using commercial testgear, but did not connect the feedback loop. Instead, we operated the system with manual control of VCO frequency to null the amplitude modulation signal at the detector. We are now constructing the apparatus using dedicated circuitry. The VCO and the frequency counter have, so far, been built and tested in scan mode, with a quartz electrical filter to simulate the optical system. The software interface for the scan mode has also been developed. Computed results based on earlier measurements predict a scale factor of -98Hzimicrostrain for our eventual optical system.
Precision OTDR Interrogation System
Our To enhance the range resolution of conventional OTDR, our system design uses a modified electrically coherent receiver (correlator), to detect the reflections from the fibre network. Conventional OTDR uses a delay in the correlator that can only be switched in discrete steps, usually in multiples of the pulse duration. We report a method to improve range resolution by sweeping the delay continuously. We take advantage of the triangular shape of the autocorrelation function of a pulse to measure the time delay (ie optical range) of reflected signals more accurately.
Principle of Precision OTDR
An OTDR measures the reflections from an optical fibre to characterise attenuation and reflective points along the fibre'81. Optical pulses, of length, 'r, and periodicity, T, (see Fig.2 ), are sent into the fibre and the returned power is monitored by an electrically coherent receiver. The output of the coherent receiver is the crosscorrelation between transmitted pulse and received signal in Fig.2 .
If there is only one reflective point on the fibre, the output of the coherent receiver is approximately proportional to the autocorrelation of the transmitted signal. If two or more pulses are received (eg from multiple reflections) the OTDR response has the form of a crosscorrelation between the two upper traces in Fig.2 .
For many sensor systems, a typical OTDR spatial resolution of 1-10 m is sufficient, but there is a need to monitor the range of each reflective point with an accuracy below 1 mm. Our current technique overcomes this problem by interrogating the slopes of the correlation peak. These slopes are normally not used in conventional systems, because receivers of OTDRs do not allow a continuous sweep of the delay.
OTDR Interrogation Scheme
In the system shown in Fig.3 , a 780 nm CD-type laser is intensity-modulated by a digital signal and the return signal is received by a fast silicon photodiode. Integrated circuits designed for high-speed telecommunication links are used in the optical transmitter'91.
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Fibre Coupler
Partially Reflective Points Fig.3 Schematic of precision OTDR system for optical ranging of partially-reflective splices A PC controls the high-resolution delay system and acquires the output from the coherent receiver. Hence, any receiver output can be converted to the corresponding delay, and only data from the regions of interest (ie the slopes of the peaks) need to be acquired. The PC varies the delay over the region of interest, whilst acquiring the receiver output. The design of our OTDR will be reported in more detail in a later paper201.
Temperature Compensation
Various schemes to discriminate between strain and thermal effects in fibre grating sensors have been suggested. These include (a) using a second grating element, contained within a different material, and placed in series with the first grating element21 and (b) the use of a pair of fibre gratings surface-mounted on opposite surface of a bent mechanical structure221. However, these methods have limitations when it is desired to interrogate the wavelength of a large number of fibre gratings. Other schemes, such as measuring at two different wavelengths or monitoring of the behaviour of two different optical modes2311241, and the use ofdispersive Fourier transform spectroscopy251, have been employed in interferometric and polarimetric fibre optic sensors.
To resolve these two effects in fibre grating sensors, it is logical to measure at two different Bragg wavelengths, and the use of two superimposed fibre gratings seems to be a suitable method of achieving this. However, little was known about the relative wavelength shifts, at two different Bragg wavelengths, with relation to strain and temperature. It is important to understand this dependence, and we now present the initial results of our studies into this effect.
Principle of Our Dual-Wavelength Grating Sensor
The strain and thermal responses of a Bragg grating sensor are essentially independent, ie. any straintemperature cross-term due to non-linearities is negligible, a behaviour which has already been found to apply well for small perturbations. As a result, the change in Bragg wavelength of two fibre gratings, AABl, and, AXB2, due to a combination of strain change, A, and temperature change, AT, can be generally expressed in the form:
where the subscripts 1 and 2 refer to the two Bragg wavelengths used in the experiment; l300nm and 850nm, respectively. The parameter, K AloE, is a function of the photoelastic coefficient, the Poisson's ratio of the fibre, and the effective refractive index of the fibre core. The element, KT=OAJOT, is determined by the thermal expansion coefficient and the thermo-optic coefficient.
As the photoelastic and thermo-optic coefficients of the gratings are both wavelength dependent, their response to strain and temperature will not be the same for each. This therefore suggests a way of simultaneous measurement of strain and temperature (or alternatively a means of applying compensation for temperature during strain measurement) by the method of linear regression (ie. solving of simultaneous equation). Once K is known, changes in both strain and temperature can be determined using the inverse of the matrix, provided that the matrix inversion is well-conditioned.
Temperature Compensation Scheme
The experiment is shown in Fig.4 . Light from the 850nm and l300nm ELED's was split, via two corresponding fibre couplers, to the superimposed fibre gratings, having nominal Bragg wavelengths of 1298nm and 848nm. The light reflected from the two fibre gratings was monitored using a commercial optical spectrum analyzer (ANDO AQ-63 lOB). Fig.4 Schematic of simultaneous measurement of strain and temperature using superimposed fibre gratings
Strain was applied using a micrometer driven stage and the temperature was accurately set (±0.2°C) using a Peltier heat pump regulated by a thermoelectric temperature controller. The strain coefficients were measured while the fibre gratings were kept at a constant temperature of 24.8°C±0.2°C, to avoid errors which might otherwise result from temperature changes. The fibre gratings were held unstrained during the measurement of the thermal coefficients. only and subsequently for changes in temperature only. Linear regression analysis gave correlation coefficients of O.998 for all four relationships, over a strain range of 0-600 tstrain and a temperature range of 10-60°C, as shown in Fig.5 and Fig.6 . The measured values of the K elements gave a non-zero determinant of K, with a standard error of 7.4%, showing the matrix to be wel1-conditioned126.
If the inverse matrix is used to predict strain and temperature from the wavelength measurements, errors oftypically 10 microstrain and are observed for the measurement range of 600 microstrain and 50°C. Possible causes of these errors are (i) mechanical creep between the glue and fibre coating at the bonding points (ii) accuracy of the micrometer driven stage (iii) the limited strain and temperature measurement range (iv) reading-error using the spectrum analyser.
Using the more accurate interrogating system described above, which is currently under development, we would expect to improve the matrix conditioning and thus achieve a more accurate interrogating system for both strain and temperature.
Conclusions
We have presented a general sensing system concept, combining point sensors with long gauge-length sensors, to produce a versatile monitoring arrangement for both short and long gauge-lengths. For the short gauge-length sensor we have described a Bragg grating interrogation scheme capable of addressing multiple gratings. Our long gauge-length sensor is based on a precision OTDR system, which is capable of accurately monitoring the "echo-time" difference between multiple reflective points. Both schemes have demonstrated high accuracy and should be suitable for monitoring both static and dynamic strain signals. Each approach uses a simple optical setup, with sophisticated signal processing to achieve a robust sensor system. Thermal sensitivity of fibre gratings has also been discussed, and we have shown how it is possible to simultaneously measure strain and temperature using superimposed fibre gratings.
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